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Species of the genus Aeromonas are ubiquitous waterborne microorganisms that have been repeatedly implicated as causative agents of clinical infections (6) . Aeromonas hydrophila has received particular attention because of its association with soft tissue, wound, and blood infections (13, 17, 25) , although recent data increasingly implicate it as a cause of acute gastroenteritis (11, 14, 21, 26, 28) .
Multiple virulence-associated biological activities, including enterotoxic, cytotoxic, cytolytic, and proteolytic activities, have been detected in culture supernatant fluids of clinical and environmental isolates of A. hydrophila (22) . Because enterotoxins are central virulence factors of diarrhea-producing bacterial pathogens, it is imperative to determine the prevalence of enterotoxin synthesis in A. hydrophila isolates and to examine the role of enterotoxins in the pathogenicity of this species. However, the production of a powerful cytotoxin by Aeromonas hydrophila has prevented the use of tissue culture assays (the only rapid assays for Aeromonas enterotoxin currently available) in the routine screening of clinical isolates and in basic studies on the enterotoxin. Moreover, despite the increasing body of information on A. hydrophila-associated gastroenteritis, the production of an enterotoxin by this organism has still not been unequivocally demonstrated, and even the nature of the putative enterotoxin is controversial: some authors recognize the presence of only cytotoxic activities in culture fluids (8) , whereas others have identified both cytotoxic and enterotoxic (as determined by provocation of fluid secretion in rabbit ileal loops) activities but have assigned both properties to a cytotoxic enterotoxin (4) . In (7): 0.1-ml volumes of each culture filtrate, containing 0.01% (wt/vol) Evans blue dye, was inoculated into the stomach of five 3-day-old mice (Hannover strain; NMRI), which were then deprived of their mothers for 3 h (initial studies on the kinetics of fluid accumulation provoked by culture filtrates from enterotoxigenic A. hydrophila isolates showed that fluid accumulation responses were maximal at 3 h under the conditions used [manuscript in preparation]). The mice were killed by cervical dislocation, and their intestines were removed, pooled, and weighed. Fluid accumulation was expressed as the ratio of the weight of the intestines to the remaining body weight. A ratio of .0.08 was considered to be a positive reaction. Positive and negative controls were as described above.
CHO tissue culture assay. Culture supernatant fluids of test organisms were examined for cytotoxic and cytotonic responses in Chinese hamster ovary (CHO) cells. Cells were seeded in microtiter plates at a density of with 1% fetal calf serum (Serva) and 50 ,ug of polymyxin B per ml. Culture filtrates (5, 10 and 20 il) were added, and the plates were incubated at 37°C in a humidified atmosphere of 95% air and 5% CO,. Cultures were examined for morphological changes after 18 h and stained with Giemsa. Positive and negative controls were as described above. CHO cells without any additions served as a further control.
DNA manipulations. Strains were screened for plasmids by the microscale methods of Kado and Liu (15), Portnoy et al. (27) , or Birnboim and Doly (2) . Plasmid DNA was isolated in quantity by the method of Katz et al. (16) .
Restriction endonuclease cleavage reactions were carried out according to recommendations of the manufacturers. The ligation of DNA fragments was performed essentially as reported by Andres et al. (1) . Cosmid cloning was carried out as described by Echarti et al. (10) . Analysis of plasmids and DNA fragments was carried out by electrophoresis through vertical 0.7% agarose gels in Tris-borate buffer. Phage lambda DNA and phage 4XX174 DNA replicative forms cleaved with Hindlll and HaeIII, respectively, were used as molecular size standards.
RESULTS
Characterization of enterotoxigenic A. hydrophila strains. The A. hydrophila AH2 and AH1133 strains isolated from (Table 1) .
Unheated filtrates of both A. hydrophila strains provoked fluid accumulation in the suckling mouse assay (Table 2 and Fig. 1 Unheated culture filtrates of strains AH2 and AH1133 were both cytotoxic in the CHO assay ( Fig. 2A) : 45 min after addition of filtrates, the cells became rounded and subsequently shrunken; 12 h later they detached from the tissue culture plate surface. Culture filtrates heated to 56°C for 20 min did not provoke the rounding or shrinking of CHO cells but did cause elongation in 50 to 100% of the total cell population (Fig. 2B) . Although CHO cell elongation provoked by heated Aeromonas culture filtrates was similar to that observed with LT, the magnitude of the elongation was less than that induced by LT (two-thirds as much). No hemolytic activity could be detected in the heated preparations. Culture filtrates heated at 100°C for 10 min provoked no morphological changes in the CHO cells (Fig. 2C) Isolation and identification of an enterotoxin gene of A. hydrophila. Cosmid cloning vectors pHSG255 and pHC79 were used to construct gene libraries of DNA isolated from strains AH2 and AH1133, respectively. DNA from each strain was partially digested with restriction endonuclease Sau3A, and the fragments thereby generated were ligated into the BamHI sites of the vectors. Hybrid cosmids were subsequently packaged in vitro into phage lambda heads, and the reconstituted lambda particles were used to infect E. coli LE392 bacteria. Infectants were selected on plates containing either ampicillin (for pHC79) or kanamycin (for pHSG255). A total of 400 independent pHSG255 cosmid clones carrying AH2 DNA and 1,800 pHC79 cosmid clones carrying AH1133 DNA were obtained.
All clones containing hybrid cosmids were screened for the production of enterotoxin by the CHO tissue culture assay described above. Culture supernatant fluids of two clones, one from each gene bank, caused CHO cell elongation (Fig. 3A) . Plasmid DNA was isolated from these clones and analyzed by electrophoresis through an agarose gel. Both clones contained hybrid cosmids with insertions in their BamHI sites. The size of the insert in cosmid pAH195, from the gene bank of AH2, was estimated to be 35 kilobases. Cosmid pAH1287, from the gene bank of AH1133, was unstable and gave rise to deletions on propagation of the clone; it was not studied further. It was noted that strains carrying cosmid pAH195 grew more slowly (30% more slowly) than did plasmid-free LE392 cells (data not shown).
To confirm that the enterotoxin gene of A. hydrophila AH2 is carried by cosmid pAH195, the plasmid was transferred by transformation into plasmid-free LE392 bacteria, and culture filtrates of these bacteria were tested in the CHO and rabbit ileal loop and suckling mouse assays (Tables 3 and  4) . The results obtained clearly demonstrated that cosmid pAH195 specifies a product that provokes elongation of CHO cells and that it induces fluid accumulation in both animal models. These culture filtrates did not, however, exhibit cytotoxic effects for CHO cells, nor did colonies of pAH195-carrying bacteria produce zones of hemolysis on blood agar plates.
To demonstrate definitively the nonidentity of the cytotoxic and enterotoxic activities in A. hydrophila, we identified in the gene bank cosmid clones carrying cytotoxin and hemolysin genes of strain AH2. Culture supernatants of clones that showed cytotoxic effects (crenation and shrinking) on CHO cells or that formed clear halos around colonies on blood agar plates were deemed to identify clones carrying a gene for a cytotoxin. Colonies that produced small but distinct turbid halos on blood agar plates after overnight incubation at 37°C were classified as carrying a gene for a hemolysin. Restriction endonuclease digestion of cosmids isolated from these latter clones demonstrated that their inserts were different (data not shown). A clone carrying a cosmid containing a hemolysin gene (pAH23; hly+), and another carrying a cosmid containing a cytotoxin gene (pAH184; cyt+) were tested in both animal assays. Neither the hemolysin nor the cytotoxin of strain AH2, alone or in combination, were able to induce fluid accumulation in either model (Tables 3 and 4) .
Subcloning of the enterotoxin gene of A. hydrophila AH2.
Cosmid pAH195 DNA was isolated and cleaved with the restriction endonuclease BamHI. The fragments thereby generated were ligated to BamHI-cleaved pBR322 DNA, and the ligation mixture was used to transform the E. coli K-12 strain RB791. Transformants resistant to ampicillin but sensitive to tetracycline were identified and screened for enterotoxin production by means of the CHO tissue culture assay. Plasmid DNA was isolated from two such clones and cleaved with BamHI; the cleavage products were analyzed by electrophoresis through a 0.7% agarose gel. Both plasmids carrying the AH2 enterotoxin gene were found to carry a 3.5-kb BamHI fragment in common. One plasmid, designated pHPC100, was analyzed further, and the locations of the EcoRI, HindIII, Hincll, PvuII, XhoI, BglII and PstI endonuclease cleavage sites were determined (Fig. 4) . DISCUSSION In this communication, we present evidence which demonstrates that two strains of A. hydrophila elaborate a cytotonic enterotoxin which is detectable in the rabbit ileal loop and suckling mouse models (Fig. 1) as well as by the CHO tissue culture assay (Fig. 2) . The voked by LT and CT. (ii) The onset of fluid accumulation in the rabbit ileal loop is as rapid as that seen with ST, although its duration is longer and resembles that of cholera toxin (20) . (iii) In colony hybridization experiments, no homology was detected between cloned LT and ST gene probes and 70 independent isolates of A. hydrophila (29) , even under conditions of low stringency that readily permitted detection of cholera toxin genes with the LT gene probe. This finding indicates an absence of relatedness between the E. coli and A. hydrophila enterotoxins at the genetic level.
With the CHO assay, we have screened for the presence of enterotoxin genes in gene libraries of two enterotoxigenic A. hydrophila strains that were established in E. coli K-12. One clone that was studied in detail elaborated a product that provoked fluid accumulation in the animal models; however, no hemolytic or cytotoxic activities were detectable in culture filtrates of this clone. Conversely, culture filtrates from clones elaborating either a cytotoxin or a hemolysin failed to show any enterotoxic activity in the animal models. Thus, the cytotoxic, hemolytic, and enterotoxic activities of A. hydrophila result from the expression of distinct genes.
A series of enterotoxin-negative insertion mutant derivatives of pHPC100, a pBR322-hybrid plasmid carrying the subcloned A. hydrophila enterotoxin gene, were recently generated; these are currently being used for the localization of the enterotoxin gene and in the identification of the enterotoxin protein.
The cloning of the A. hydrophila enterotoxin gene in E. coli has several important consequences. First, the purification (and hence, the characterization and elucidation of the mode of action) of the enterotoxin has proven to be very difficult, partly because of copurification of the cytotoxin, and partly because of low yields (22) . Clearly, the biological separation of the enterotoxin from the cytotoxin, which was achieved during the cloning, circumvents the former problem, whereas insertion of the cloned enterotoxin gene into a high-expression vector should circumvent the latter. Second, partially purified enterotoxin from A. hydrophila has been reported to cause an increase in cyclic AMP levels in the rabbit intestinal loop (9, 18) and to induce steroidogenesis in Y-1 adrenal cells (19) . The kinetics and extent of stimulation of cyclic AMP production and steroidogenesis are significantly lower than those obtained with LT or CT.
These differences may be due to difficulties in obtaining enterotoxin of high purity or may reflect a mechanism of fluid secretion that is only partially mediated by elevated cyclic AMP levels. The ability to obtain highly purified enterotoxin should facilitate elucidation of its mode of action. Third, the cloned and mapped enterotoxin gene provides a source of a DNA fragment that can serve as a hybridization probe for colony hybridization experiments to detect homologous sequences in various clinical and nonclinical isolates. Such studies will provide important information on the prevalence of enterotoxin production in A. hydrophila. Moreover, a number of recent reports describe the detection of a cytotonic enterotoxin-like activity in culture filtrates of Vibriofluvialis (23; our unpublished data) and non-O1 Vibrio spp. (24) . It will be interesting to use the A. hydrophila enterotoxin gene probe to determine whether these other members of the family Vibrionaceae produce related enterotoxins. Finally, we have recently developed methods to carry out genetic analyses and manipulation of A. hydrophila (unpublished data). The replacement of the intact enterotoxin gene by characterized mutant genes provides a means to obtain isogenic strains differing only in the production of enterotoxin and, thereby, to elucidate the role of the enterotoxin in the virulence of Aeromonas bacteria. 
